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[57] ABSTRACT

A radiation hardened NMOS transistor structure suited
for application to radiation hardened CMOS devices,

~ and the method for manufacturing it is disclosed. The

new transistor structure is characterized by “P” doped

- guard bands running along and immediately underlying

the two bird’s beak regions perpendicular to the gate.
The transistor and the CMOS structure incorporating it
exhibit speed and size comparable to those of conven-
tional non-rad-hard CMOS structure, relatively simple

manufacturing, and excellent total-dose radiation hard-
ness.
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RADIATION HARDENED CMOS STRUCTURE
USING AN IMPLANTED P GUARD STRUCTURE
AND METHOD FOR THE MANUFACTURE
THEREOF

TECHNICAL FIELD OF THE INVENTION

The mmvention relates to semiconductor processing,
and more particularly to fabrication and processing of
radiation-hardened CMOS structures.

BACKGROUND OF THE INVENTION

Much of today’s high-density integrated circuitry has
been made possible by small-geometry CMOS (Com-
plementary Metal Oxide Semiconductor) technology,
well known to those skilled in the art of semiconductor
processing. Most modern microprocessors and large-
scale integrated circuits are made using small-geometry
CMOS processes (2 micron line widths and below).
Two of the biggest advantages of CMOS technology
are: 1) its inherently high noise immunity (due to rela-
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tively large voltage differences between CMOS logic |

output voltages and input switching thresholds com-

pared to other logic families), and 2) low power dissipa-
tion.

CMOS technology is particularly desirable in mili-

tary and aerospace applications because of these noise
and power characteristics. However, military and aero-
space environments tend to be characterized by high
levels of radiation, particularly gamma and X-ray radia-
tion, and standard CMOS circuits are known to have
some problems with high-radiation environments.
While it is possible to construct radiation shields for
CMOS military applications, this tends to add weight,
expense, and complexity; requires extensive testing; and
negates much of the desirability of CMOS for these
applications.

Also well known to those skilled in the art is that
CMOS technology 1s typified by logic gates con-
structed from complementary pairs of MOS Field Ef-
fect Transistors (FET’s) (p-channel and n-channel) in a
sort of a push-pull configuration where only one transis-
tor of any given pair is “on” at a time, such that CMOS
gates (1deally) draw no steady-state current. The inputs
to CMOS gates, being the unloaded gates of insulated-
gate FET’s (MOS transistors are also known as insulat-

ed-gate field effect transistors, or IGFETS, by virtue of

an insulating layer of SiO; between the gate and the
active channel area of the transistor), draw no steady-
state current, either. The only currents drawn by
- CMOS circuitry are due to leakages and to switching

- currents, which result from the charging and discharg-

ing of parasitic capacitances at the time of a logic state
change.

“Radiation hardness” refers to the ability of a semi-
conductor device to withstand radiation without alter-
ation of its electrical characteristics. A semiconductor
device 1s said to be radiation hardened (rad-hard), radia-
tion tolerant, or radiation resistant if it can continue to
function within specifications after exposure to a speci-
fied amount of radiation. Semiconductor devices can be
damaged or destroyed by the effects of nuclear radia-
tion from natural and man-made sources. Radiation
changes the electrical properties of solid state devices,
leading to possible failure of any system incorporating
them.

Gamma rays, X rays, and neutron bombardment have
proven to be the most harmful forms of radiation. Rad-
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hard devices and circuits have been developed to mini-
mize the effects of these forces. The devices can be
designed to be rad-hard, or the normal manufacturing
process can be modified to produce rad-hard devices
with special isolation techniques. Radiation hardening
now permits systems designers to take advantage of the
benefits of CMOS technology in high-performance,
high-reliability products intended for applications
where radiation 1s present.

The following sources of radiation are of particular
interest in the present context: -

Charged Particles
An alpha particle 1s a helium nucleus or a helium

atom without its electrons. It travels at close to the

speed of light, but can be stopped by a sheet of paper.

A beta particle i1s an electron traveling at nearly the
speed of light. The same as an electron orbiting a nu-
cleus, it differs only in speed. The beta particle can
travel about 20 feet in air and is stopped by 1/16 inch
thick aluminum barriers.

Ions are charged particles formed when one or more
electrons are removed or added to a previously neutral
atom or molecule. The are, for example, silicon ions.

Neutrons

A neutron is a particle without electric charge. It has
a mass that is approximately equal to that of a proton.

‘Neutrons are naturally bound to the nucleus of an atom,

but they can be displaced in various types of nuclear
interactions.

Photons

Gamma rays are photons or quanta of energy with
characteristics that are identical to those of X rays. The
difference between gamma rays and X rays is their

~ source. Gamma rays come from the atomic nucleus, but
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X rays are generated by processes outside the nucleus.
Gamma rays and X rays have no electrical charge,
travel at the speed of light, and can be stopped by a
concrete or lead shield.

The 1interactions of a particle with a material will
depend on the properties of each. The properties of
particles are: 1) mass, 2) charge, and 3) kinetic energy.
The properties of materials are: 1) mass, 2) charge, and
3) density.

The interaction of particles and energies can be classi-
fied as two main mechanisms:

1. Displacement of atoms from their lattice structure
(displacement damage), and

2. Generation of electron-hole pairs (ionization).

These dominate the effect of radiation in materials of

concern in electronics, and both can cause temporary

(transient) or permanent damage to semiconductors.
The energy transferred to a material by ionizing radi-
ation is measured in rads (radiation absorbed dose). One
rad 1s equal to the energy of 100 ergs per gram of mate-
rial. The material must be specified, because this energy
will differ with each material. The ionizing dose rate for
silicon-based (Si based) semiconductors is referred to in

rads(Si)/second. Particles are referred to in terms of

concentration as well as the time integral of concentra-
tion:

Flux=Particles per square centimeter x seconds

Fluence = Particles per square centimeter
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Displacement damage is caused by heavy charged parti-
cles and neutrons. Neutron radiation presents more
problems in bipolar devices than in CMOS devices until
a fluence of 1015 neutrons per square centimeter or
greater 1s reached. Heavily charged particles can cause
single event upset.

Ionization is the principal agent that damages or de-
stroys CMOS devices. It is caused by photon (gamma
or X ray) interactions, fast neutron interactions, and

charged (alpha and beta) particles. However, of these,
gamma and X-radiation are the primary sources of this
10nization.

As the dose of ionizing radiation increases, the num-
ber of carriers generated in silicon will increase. Qut in
space 1t might take many years for a device to absorb
high levels of radiation. For example, it might take 20
years for an IC (integrated circuit) to absorb a total dose
of 100,000 rads(Si). However, in the presence of a nu-
clear explosion, a device might reach this total dose
within hundreds of nanoseconds. This type of pulse
photon exposure is referred to as (extreme) transient
radiation.

Particularly troublesome to CMOS devices in high
radiation environments are active parasitic devices
which occur within the CMOS devices themselves,
particularly field isolation MOS (“field transistor”, or
“parasitic field transistor”; used interchangeably herein)
and parasitic SCR (silicon controlled rectifier) struc-
tures. These structures are well known to those skilled
in the art of semiconductor processing. NMOS (the
n-channel part of the complementary pairs of transistors
in CMOS structures) field transistor leakage and para-
sitic SCR latch-up are known to cause fatal (unrecover-
able) misoperation of CMOS designs in high radiation
environments. NMOS field transistor leakage is known
to be induced by large negative threshold shifts in para-
sitic field transistors as a cumulative effect of radiation.
This effect, being cumulative, permanently destroys the

usefulness of CMOS devices over time as a function of
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the total dose of radiation received by the CMOS de- 40

vices. Latch-up is known to occur as a result of the
“firing” of parasitic SCR structures by transient radia-
tion. This causes an unrecoverable misoperation of the
associated CMOS device which (if it doesn’t destroy
the device) may only be cleared by completely remov-
ing power from the CMOS device and allowing the
parasitic SCR to turn off. For all intents and purposes,
if latch-up occurs it renders the CMOS device useless.

As a result of the particular sensitivity of NMOS
transistors to radiation-induced damage, this is an area
of special concentration in the design of rad-hard semi-
conductor devices. In fact, many radiation hardening
techniques apply only to the NMOS transistors of a
CMOS structure. It is these NMOS-only radiation hard-
ening techniques which are of primary relevance and
interest herein.

The problem of parasrtlc SCR latch-up for high-
radiation (and normal-radiation) environments has been
thoroughly discussed and numerous solutions have been
provided. Techniques to prevent parasitic SCR latch-up
are well-known in the present art and are not relevant to
this specification. .

Numerous radiation tolerant (rad-hard) designs of
CMOS devices have been proposed and implemented.
Typically, these designs are significantly larger and/or
slower than their conventional CMOS counterparts.
Examples of present techniques for creating rad-hard
CMOS devices and the characterization thereof are
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given in: H. Hatano and Satoru Takatsuka, “Total Dose
Radiation-Hardened Latch-up Free CMOS Structures
for Radiation-Tolerant VLSI Designs”, IEEE Trans.
Nucl. Sci, vol NS-33, no. 6, 1986, (hereinafter

“HATANO 1”); Hiroshi Hatano and Satoru Takatsuka,

“Radiation-Tolerant 50 MHz Bulk CMOS VLSI Cir-
cuits Utilizing Radiation-Hard Structure NMOS tran-
sistors”, IEEE Trans. Nucl. Sci., vol. NS-33, no. 5,
1986, (hereinafter “HATANO 2”); and 1. Yoshii, K.
Hama, K Maeguchi, S. Takatsuka, and H. Hatano, “To-
tal-Dose Characterization of a High-Performance
Radiation-Hardened 1.0-um CMOS Sea-Of-Gates
Technology”, (hereinafter “HATANO 3™).

Well known in the present art are the designations
“P-—", “P”, and “P+” used to describe the doping
concentrations of P-type dopants, and the correspond-
ing designations “N—"", “N”, and “N+” used to de-
scribe the doping concentrations of N-type dopants.
“P—>"and “N—" designations apply to doping concen-
trations of 1014-10!¢ atoms/cm3 of P-type and N-type
dopants, respectively. “P” and “N” designations apply
to doping concentrations of 10!6-10!9 atoms/cm3 of
P-type and N-type dopants, respectively. “P+” and
“N+” designations apply to doping concentrations of
101°~1021 atoms/cm3 of P-type and N-type dopants,
respectively.

HATANO 1 shows six rad-hard NMOS transistor
structures which may be incorporated into CMOS de-
vices, three of which (“Structures 4-6" therein) utilize a
P+ guard band structure under thin oxide. In general,
these three thin oxide *guard” band implementations
are shown to have suitable total-dose radiation charac-
teristics, but they suffer from relatively low density and
speed compared to the other three structures (“‘Struc-
tures 1-3"’). Of the three structures shown as “Struc-
tures 4-6” 1n HATANO 1, “Structure 6” is slightly
smaller, and exhibits better speed response. It is this
structure which is of primary interest herein.

FIGS. 1a-1c¢ illustrate “Structure 6’ of HATANO 1.
FIG. 1a shows a top view of an NMOS transistor 100
wherein a P+ guard ring 130 and N+ source and drain
diffusion regions, 140a and 1405, respectively, underlie
an oxide layer 120. An overlying poly silicon (“poly”)
gate structure 150 is shown. Guard ring 130 is shown as
having two segments 130q and 1305 running perpendic-
ular to the gate structure, and two segments 130¢ and
1304 running parallel to the gate structure. Two section
lines A—A' (for which FIG. 15 is a representative sec-
tion), and B—B’ (for which FIG. 1c is a representative
section) are shown.

- FIG. 15 shows a section A—A' of NMOS transistor
100 wherein the poly-silicon gate 150 is shown overly-
ing thick field oxide layer segment 1204, and a thin gate
oxide layer segment 120c. Oxide layer segments 120a-c
are all components of oxide layer 120 (FIG. 1q). P+
guard ring 130 is diffused into a P— well 110 into which
the NMOS transistor is fabricated, and is shown as two
sections underlying the interfaces between thick oxide
layer segments 120¢ and 1205 and thin oxide layer sec-
tion 120c, 1204 and 120¢, respectively. These interfaces
1204 and 120¢ are commonly called “bird’s beak” sec-
tions, due to the similarity of their shape to the head and
beak of a bird. N+ source (or drain) diffusion region
1405, diffused into P-well 110, is shown as a dashed line
since source and drain diffusion regions are absent
under the gate structure 150. The area under the gate
structure 150 between the source and drain diffusion
regions 140a and 1400 is known as the “channel area”.
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It 1s well known in the present art that trapped charges
~occur under bird’s beak structures which can cause low
threshold voltages in parasitic MOS transistor struc-
tures, resulting in high leakage current around NMOS
 transistor 100 under normal operating conditions (often
referred to as “field mversmn”) A P+ guard ring 130,
as shown, dramatically increases the threshold of the
parasitic transistor(s), reducing the problem of field
INVersion.

It should be noted, with respect to FIG. 15, that the
gate structure 150 does not continue onto thick gate
oxide segment 1205, but is “pulled back”. This mini-
mizes the possibilit'y of field inversion under oxide layer
12056. While this is advantageous for the purposes of
HATANO 1, some CMOS design constraints do not
permit the gate to be pulled back, hmiting the usefulness
of this structure for those applications.

FIG. 1c shows a section B—B' of NMOS transistor
100, away from gate structure 150 and through N+
~dram (or source) diffusion region 140b. Again, thick
field oxide layer sections 120¢ and 1204, and thin gate
oxide section 120c¢ are shown overlying P— well 110,
into which P+ guard ring 130 and N+ drain diffusion
region 1406 have been separately diffused.

The doping density of the P+ guard ring 130 in
NMOS transistor 100 necessitates a relatively large
distance between the N+ source and drain diffusion
regions (140a and 1405) and the guard ring 130 in order
to minimize parasitic capacitances therebetween. The
fact that guard ring 130 is actually a complete ring also
tends to increase the area over which capacitances be-
tween the guard ring and source and drain diffusion
regtons 140a and 1406 may occur. These parasitic ca-
pacitances slow the switching response of the NMOS
transistor 100, and any associated CMOS device, ac-
cordingly. As a result, significant tradeoffs must be
made between transistor speed and size. It is for this
reason, that HATANO 1 shows rad-hard Structure 6
(FIGS. 1a-c¢ herein) as being 59% larger (in area) than
a similar conventional CMOS gate. The additional size
1s due, at least in part, to the distance it is required to
space the P+ guard ring (130) away from the source
and drain diffusion regions (140¢ and 1405) so that the
effect of parasitic capamtance on device speed will be
minimal.

The portions 130a and 1306 of P+ guard ring 130
which run perpendicular to the gate 150 compensate
prnnan]y for an effect known as “poly field inversion”

“gate field inversion” (activation of active parasitic

transxstors due to fields from the gate structure). The

portions 130c and 1304 of P+ guard ring 130 which run
paraliel to the gate 150 compensate primarily for an
effect known as “metal field inversion” arising from
activation of parasitic devices by fields from metal
contacts to the source and drain diffusion regions (not
shown).

One problem in the approach described hereinabove

1s in the area of manufacturability. The separate implan-
tation of a P+ guard ring (a relatively high concentra-
tion) requires expensive implanter time. Ideally, the
time required to perform additional process steps (par-

ticularly on expensive equipment) should be minimized

to 1mprove the cost-effectiveness of the fabrication
process (and therefore the cost of the final device).
Another problem is in the size of the NMOS device
necessitated by the spacing between the P+ guard ring
and the source and drain diffusion regions.
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6
These problems notwithstanding, guard structures
have significant advantages in the area of total dose
radiation hardness, by virtue of their very effective
control of the active parasitic device thresholds.

DISCLOSURE OF THE INVENTION

It is therefore an object of the present invention to
provide a technique for manufacturing CMOS devices
containing rad-hard NMOS transistors which mini-
mizes the amount of implanter time required for steps
over and above those required for conventional CMOS
devices.

It 1s a further object of the present invention to pro-
vide a CMOS structure containing rad-hard NMOS
transistor structures utilizing guard structures, which
requires only minimal size increase over conventional
CMOS devices.

It is a further object of the invention to provide a
CMOS structure containing rad-hard NMOS transistor
structures utilizing guard structures, which operates at
speeds comparable to those of conventional NMOS

transistors.

It 1s a further object of the invention to provide a
CMOS structure containing rad-hard NMOS transistors
utilizing techniques which substantially increase the
thresholds of the parasitic field transistors.

According to the invention, a conventional CMOS
structure characterized by thick field oxide around the
NMOS transistors; thin gate oxide over N+ source and
drain diffusion regions, a channel area under a poly-sili-
con gate overlying and between the source and drain
structures, and relative immunity to metal field inver-
sion (provided by techniques well known to those
skilled in the art of semiconductor processing), is pre-
pared up to a point prior to the fabrication of the gate
structure. A photo-mask is applied and a two-part P
(1018-1020 atoms/cm3) guard structure is photo-
implanted into each NMOS transistor structure such |
that each part will immediately underlie one of the two
bird’s-beak oxide structures running perpendicular to
the path of the gate. The remaining CMOS device
structure 1s completed normally.

By using a CMOS structure which is relatively im-
mune to metal field inversion, the need for the complete
guard ring of the prior art (e.g., Structure 6 of
HATANO 1) is eliminated. For example, the portion of
the ring which runs parallel to the gate structure in
Structure 6 of HATANO 1 (see FIG. 1q) is not neces-
sary in the present invention. This reduces the size of
the rad-hard NMOS transistor significantly by eliminat-
ing the space required by such parallel portion of the
guard structure. This also helps further reduce the size
and/or speed of the NMOS transistor by reducing the
total parasitic capacitance. By reducing the parasitic
capacitance, it i1s then possible to reduce the spacing
between the guard structure and the N+ source and
drain diffusion regions for the same level of capaci-
tance, further reducing device size. Alternatively a
benefit in NMOS transistor speed may be achieved for
the same device size.

By using a P material for the guard structure, rather
than the P+ material used for the guard structure in

‘Structure 6 of HATANO 1, the active parasitic device

thresholds are still effectively controlled (increased),
but the lower doping density permits significantly less
distance between the guard structure and the source
and drain diffusion regions at the same or lower levels
of parasitic capacitance as those in the technique of the
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prior art. For the purposes of the present invention, a

P+ doping density for the guard structure (such as that
used in the guard ring of Structure 6 of HATANO 1)
would be “overkill”, and would require significant in-
creases in device size in order to maintain reasonable
performance. |

Total-dose radiation effects have their greatest im-
pact on NMOS transistors in CMOS technology, due to
the characternistics of the NMOS materials and the man-
ner in which they are altered by radiation exposure. As
a result, the techniques of the present invention apply
only to NMOS devices in a CMOS structure, not to
PMOS devices.

By using the technique described hereinabove for
improving the radiation hardness of an NMOS transis-
tor, and incorporating them into an appropriate CMOS
structure, rad-hard CMOS devices can be constructed
which exhibit excellent total-dose radiation hardness,
perform at speeds comparable to those of normal (non
rad-hard) CMOS devices, are comparable in size to
normal CMOS devices, and are readily manufacturable,
requiring minimal additional implanter time.

Other objects, features and advantages of the inven-
tion will become apparent in light of the following
description thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a is a top view of a rad-hard NMOS transistor
of the prior art.

FIG. 15 1s a cross-sectional view of the rad-hard
NMOS transistor of FIG. 1a.

FIG. 1c is another cross-sectional view of the rad-
hard NMOS transistor of FIG. 1a.

F1G. 2a is an isometric view of a rad-hard NMOS
transistor, as it relates to the present invention.

FIG. 2b is a top view of the rad-hard transistor of
FIG. 2a.

FIG. 2c¢ is a cross-sectional view of the rad-hard
NMOS transistor of FIG. 2a.

FIG. 3a 1s a cross-sectional view of a conventional
CMOS structure at a point in the fabrication process
immediately prior to gate oxidation as it relates to the
present invention.

FIG. 3b 1s a cross-sectional view of a rad-hard CMOS
structure incorporating the rad-hard NMOS transistor
of the present invention at a point in the fabrication

process illustrating the implantation of the guard struc-
ture.

FIG. 3c 1s a cross-sectional view of a completed
CMOS structure incorporating the rad-hard NMOS
transistor of the present invention.

FIG. 34 is a cross-sectional view of the same com-
pleted CMOS structure as shown in FIG. 3¢, but at
right angles to the view of FIG. 3c.

DETAILED DESCRIPTION OF THE
INVENTION |

FIGS. 1a-1¢ show a prior-art rad-hard NMOS tran-
sistor which, when used in a CMOS device, provides
good total-dose radiation hardness, but which is sub-
stantially larger and somewhat slower than comparable
conventional CMOS devices. |

FIGS. 2a-2¢ show different views of an embodiment
of a rad-hard NMOS transistor, as it relates to the pres-
ent invention.

FIG. 2a shows an isometric view of a section of an
embodiment of a rad-hard NMOS transistor 200 accord-
ing to the present invention. There is a P— well 230,

10

15

20

25

30

35

40

45

50

35

65

8

into which P doped regions 2202 and 2206 have been
implanted under thick field oxide segments 210z and
21056, respectively. A thin gate oxide segment overlies
P— well 230 and joins thick gate oxide segments 210z
and 2105. A poly-silicon gate structure 240 overlies the
three oxide segments. There are a first rectangular N+
diffusion region 250c and a second rectangular N4-
diffusion region 2505, immediately underlying the thin
field oxide segment 215 on either side of poly-silicon

gate structure 240. These two N4 diffusion regions
250a and 2506 interchangeably act as source and drain

of the NMOS transistor. (If the first N4 diffusion re-
gion 250a is chosen as the source, then the second N+

‘diffusion region 2506 acts as the drain. Conversely, if

the first N+ diffusion region 2504 is chosen as the drain,
then the second N+ diffusion region 25056 acts as the
source.) A space between the two N + diffusion regions
250a and 2506 in the P— well 230 underlying the poly-
silicon gate structure 240 and the thin gate oxide seg-
ment 215 acts as a channel area (shown as 290 in FIG.
2b) of the NMOS transistor.

Immediately under the “bird’s beak™ interface
(shown as 210¢ in FIG. 2¢) of thick field oxide 210aq and
thin gate oxide 215, a P guard structure 260aq is im-
planted such that it runs approximately the length of the
area covered by the poly-silicon gate structure 240 and
the two N+ diffusion regions 2502 and 2505. A similar
P guard structure 260) is implanted immediately under
the “bird’s beak interface (shown as 2104 in FIG. 2¢)
between thick field oxide 2105 and thin gate oxide 2185,
and running approximately the same length as P guard
structure 260aq.

F1G. 2a also shows parasitic field transistor leakage
paths as arrows 270z and 270b. One parasitic transistor
can occur generally along the path shown by arrow
270a. (The direction of current leakage is dependent
upon the polanty of voltages applied to N+ diffusion
regions 258a and 250b. The direction shown implies that
250a 1s chosen as the drain, or more positive diffusion
region.) Leakage currents will flow along this path in
the event that sufficient field inversion occurs to create
a channel in the P— well along the path. P doped region
220a protects against this to some degree but, in con-
ventional NMOS transistors, trapped charges under the
bird’s beak interface between field oxide 216a and gate
oxide 215 can cause sufficient inversion of the P— mate-
rial in the region of the bird’s beak interface 210¢ (effec-
tively lowering the threshold of the parasitic field tran-
sistor) to create a leakage path between the two N+
diffusion regions 2502 and 2505, allowing leakage cur-
rent to flow. At a2 minimum, this causes significantly
increased power dissipation; at maximum, it can cause

- misoperation of the device which incorporates the

NMOS transistor. This effect is particularly prone to
long-term degradation due to cumulative effects of
radiation. In the present invention, however, guard
band 2604 1n combination with P doped region 220z
substantially increases the threshold of the parasitic
field transistor structure by substantially increasing the
amount of charge required to cause inversion of the
material in this area, dramatically reducing the likeli-
hood of leakages being caused by trapped charges in the
bird’s beak region. A similar parasitic transistor leakage
path is shown on the opposite side of the N+ diffusion
regions by 270b. This parasitic transistor leakage path is
effectively compensated by P guard band 260b in a

manner similar to that previously described for P guard
band 260a.
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FIG. 2b shows a top view of the same NMOS transis-
tor structure, more clearly illustrating the area relation-
ships between the gate structure 240, the N+ diffusion
regions 250¢ and 2505, and the P guard structures 260q
and 2600. All other reference numbers are the same as
- for FIG. 24 and refer to the same features of the NMOS
transistor. The channel area is generally indicated by
290. This channel] area occurs in the P— well immedi-
ately below the thin oxide layer 215. In FIG. 25, it can
clearly be seen that the two N+ diffusion regions 250q
and 2500 do not extend under the gate structure. This is
because the N+ diffusion process uses the gate struc-
ture as a mask. (In some processes, the N+ diffusion
regions are actually formed by first implanting slightly
larger N— diffusion regions, and then implanting N+
diffusion regions into them.) FIG. 2b also indicates a
section line C—C’ through the center line of the gate

structure 240, along which line the cross-sectional view
in FIG. 2¢ is taken.

10
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- FIG. 2c shows a cross-sectional view C—C' of rad- 20 t

hard NMOS transistor 200 taken along the centerline of
gate structure 240. All reference numbers and the struc-
tures they represent are the same as for FIGS. 22 and
2b. FIG. 2c¢ more clearly shows the relationship be-
tween the gate structure 240, the oxide layer segments
210a, 2100, and 215, the N+ diffusion region 2505, the
P guard bands 260a and 2605, and the P doped regions
220q and 220b. N + diffusion region 2505 is shown as a
dashed line because the cross-sectional view is taken
through the centerline of gate structure 240, under
which the N+ diffusion regions do not extend. The P
guard bands 260¢ and 2605 are clearly shown under
bird’s beak regions 210c and 210d, respectively, and
located in (and, by implication, extending through) the
region under the gate 240.

FIGS. 2a-2c show the structure of a rad-hard NMOS
transistor, and the discussion related thereto describes
the features and mechanisms by which the transistor is
made radiation-hard. In the ensuing discussion with
regard to FIGS. 3a-d, the method of manufacturing a

CMOS structure incorporating such a rad-hard NMOS

transistor is described.

FIGS. 34¢-3d show cross-sectional views of a rad-
hard CMOS structure incorporating the techniques of
the invention, at various process steps.

FIG. 3a shows a cross-sectional view of an incom-
plete typical CMOS structure at a point in the fabrica-
tion process before deposition of a gate structure. The
plane of this cross-sectional view runs along the center
line of the path of the gate structure to be formed over-
lying the structure shown. In the embodiment shown, a
substrate material has been chosen comprising a base
N+ material 360 underlying an N~ material 350. In
this substrate material, a P— well 340 has been created.
Two P structures 330a and 3306 are shown implanted
into P— well 340 under thick portions 320¢ and 320¢ of
overlying oxide layer 320 (3304 and 3305 are similar to
220a and 2205 with respect to FIGS. 24, 2¢). Overlying
oxide layer 320 has been created, appropriately etched,
and processed to form thick oxide segments 320q, 320c,
and 320¢, and thin oxide segments 3200 and 3204,
shown in this cross-sectional view. Thin oxide segment
3205 will act as a thin gate oxide for a PMOS transistor
which will be located generally in the region indicated
by 204. Thin oxide segment 3204 will act as a thin gate
oxide for an NMOS transistor which. will be located
generally in the region indicated by 202. Bird’s beak
regions 320/ is shown at the interface of thick oxide
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32056 and thin oxide 320d, and bird’s beak region 320g is
shown at the interface of thick oxide 320e and thin oxide

320d. |
F1G. 35 shows the CMOS structure of FIG. 3q after
an overlying layer of a patterned photo-resist masking
material 310 has been deposited, and during photo im-
plantation by an implantation process 395 of two P
guard structures 335¢ and 3356. Photo-resist masking
layer 310 has elongated openings 396, through which
the implantation occurs. For the process shown, thicker
portions of thick oxide segments 320¢ and 320¢ also tend
to act as masks for the implantation process 395, limiting
the implantation to the area under bird’s beak structures
320/ and 320g (FIG. 3a). Upon completion, guard bands
335a and 3355 are in contact with and conductive to the
P material of P structures 330a and 33056. Guard bands
3354 and 335b are similar to guard bands 260a and 2605
with respect to FIGS. 2a and 2¢. Note that these guard
bands differ from the guard ring of FIGS. 1a-c¢ (Struc-
ture 6 of HATANO 1) in that they do not connect to

form a ring, and in that they are formed of a P material

rather than a more heavily doped P+ material. After
implantation of the P guard structures 335z and 3355,
the CMOS structure is completed in normal fashion.

FIG. 3¢ shows the completed CMOS structure in the
same cross-sectional view (now indicated as section
E—E' for relation to the cross-sectional view of FIG.
3d). A completcd PMOS transistor is shown generally
located 1n the region indicated by 304, and a completed
rad-hard NMOS transistor employing the techmque of
the present invention is shown generally located in the
region indicated by 302. In addition to the pre-existing
features shown in FIGS. 3¢ and 35, a P+ diffusion
region 370a is shown underlying thin oxide segment
3206 (FI1G. 3a) and forming a source/drain of a com-
pieted PMOS transistor, an N+ diffusion region 3705 is
shown underlying thin oxide segment 34 (FIG. 3a) and
forming a source/drain of a completed NMOS transis-
tor, and a poly-silicon gate structure 325 and overlying
insulating glass 335 have been formed. Further, metal
381 from a first metallization has been deposited, a pla-
nar oxide layer been deposited and appropriately
etched, metal contacts 380¢ and 38006 from a second
metallization have been deposited, and a final overlying
insulating oxide 355 has been deposited. Into overlying
insulating oxide 355, a hole has been opened (etched)
for external access to the contact metal 381b.

It should be noted that the poly-silicon gate structure

325 serves as the gate for both the PMOS transistor and

the NMOS transistor. This is typical of CMOS struc-

- tures, which tend to utilize PMOS and NMOS transis-

35
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tors in complementary pairs, often with common gate
connections.

FIG. 3c indicates a section line and viewing direction
D--D’ by which the cross-sectional view of FIG. 34 is
shown.

FIG. 3d shows a cross-sectional view of the same
completed CMOS structure, taken at a right angle to

the view of FIG. 3d. The NMOS transistor generally

indicated by 302 is a right-angle view of the same
NMOS transistor depicted in FIG. 3¢. The PMOS tran-
sistor generally indicated by 306, however, is a different
transistor from the one shown in FIG. 3¢. Accordingly,
a different poly-silicon gate structure 325z is shown for
this PMOS transistor 306. P+ diffusion regions 3704
and 370e form the source and drain of the PMOS tran-
sistor 306, to which contact is made by metal contacts
385a and 385b, respectively, from a first metallization
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process. Section line and viewing direction E—E’ indi-
cate the relation of FIG. 3¢ (section E—E’) to this view.
This view also cuts through P— well 340 (shown). Also
shown are N+ diffusion regions 3706 and 370¢ forming
the source and drain of NMOS transistor 302, to which
contact is made by metal contacts 385¢ and 3854, re-
spectively, from the first metallization process. Metal
381c is shown deposited overlying planarized oxide
layer 345.

While FIGS. 3a¢-3d show many features of typical
CMOS structures and their fabrication processes, these
are incidental to the present invention, which is con-
cerned mainly with: 1) photo-implantation of P guard
bands into the P— well of an NMOS transistor immedi-
ately under the bird’s beak region of the interface be-
tween thin gate oxide and thick field oxide, 2) the result-
ing rad-hard NMOS transistor structure, and 3) incor-
poration of NMOS transistors of this type into a suitable

5

10
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CMOS structure to form a radiation hard CMOS de-

vice. The remainder of the processes required to create
a CMOS device are well known to those skilled in the
art of semiconductor processing. The steps discussed
herein prior to and after the photo-implantation of the P
guard bands are merely exemplary, and any suitable
similar CMOS structures and processes may be substi-
tuted.

The present invention differs significantly from the
prior art (e.g., Structure 6, HATANO 1) in that:

1) While it 1s advantageous from the point of view of

“poly inversion’ to pull back the gate structure so that
1t does not extend beyond the thin gate oxide on One
side, the present invention does not require this;

2) P material 1s used for the guard structure in the
present invention rather than P+ material in the prior
art, permitting a significantly smaller transistor to be
constructed without sacrificing device speed, and per-
mitting the guard structure to be fabricated using less
implanter time; and

3) Because metal field inversion 1s deemed not to be a
significant problem, no guard structure is required by
the present invention running parallel to the gate struc-

ture, permitting a smaller guard structure than that of

the prior art, further reducing transistor size and para-
sitic capacitance.

What is claimed is:

1. A rad-hard NMOS transistor having a gate, a

source, and a drain, consisting essentially of:

a stlicon substrate having a top surface;

a ’P—"" well formed 1n the substrate, extending from
the top surface of the substrate into the substrate;

thick field oxide formed in the “P—"" well, having
two spaced-apart longitudinal portions between
which s defined a first area on the top surface of
the “P—"" well, and extending from the top surface
of the “P—"" well into the “P-"' well;

a thin gate oxide region overlying the top surface of
the “P—"" well, extending between and joining the
two spaced-apart portions of the field oxide;

an inner region of the profile of each of the spaced-
apart portions of the thick field oxide tapering to an
interface with the thin gate oxide, and forming a
“bird’s beak” region;

two “P” doped regions, each underlying a respective
one of the spaced-apart portions of the thick field
oxide, and extending to the bird’s beak region;

two “P” guard bands formed in the substrate, each
guard band extending longitudinally along and
immediately underneath a respective one of the
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bird’s beak regions, and each guard band in physi-
cal and electrical contact with a respective one of
the two “P” doped regions, and guard band extend-
ing partially under the thin gate oxide;

a poly-silicon gate structure overlying the thin field
oxide and extending across a first portion of the
first area between the two spaced-apart portions of
the thick field oxide, said first portion of the first
area defining a “channel area” in the “P—"" well,
and positioned such that a second and a third por-
tion of said first area between the two spaced apart
portions of the thick field oxide are defined, one on
each side of the poly-silicon gate structure, said
second and third portions of the first area defining
a “‘source area” and a *‘drain area”, respectively, 1n
the “P—"" well and said poly-silicon gate structure
being the gate of the rad-hard NMOS transistor;
and |

two “N+4” diffusion regions formed in the “P-"
well, one in the source area and one in the drain
area, each immediately underlying the thin field
oxide, each extending to the channel area under the
poly-silicon gate structure, and each spaced away
from the two “P” guard bands, with “N+” diffu-
sion region in the source area forming the source of
the rad-hard NMOS transistor and the “N 4 diffu-
sion region in the drain area forming the drain of
the rad-hard NMOS transistor.

2. A rad-hard NMOS transistor according to claim 1,

wherein:

said poly-silicon gate structure extends over one of
the two spaced-apart portions of the thick fieid
oxide.

3. A rad-hard NMOS transistor according to claim 1,

wherein: |

said poly-silicon gate structure extends over both of
the spaced-apart portions of the thick field oxide.

4. A rad-hard NMOS transistor according to claim 1,

wherein:

the channel area has a length parallel to the thick field
oxide portions; and

~ the “P” guard bands extend approximately the length
of the channel area. |

5. A method of forming a rad-hard NMOS transistor,

comprising:

providing a silicon substrate having a top surface;

forming a “P—"" well in the substrate, said “P—"" well
extending from the top surface of the substrate into
the substrate;

forming thick field oxide in the “P—"" well, said thick
field oxide having two spaced-apart longitudinal
portions between which is defined a first area on
‘the top surface of the “P—"" well, and extending
from the top surface of the “P—"" well into the
“P—"" well;

forming a thin gate oxide region overlying the top
surface of the “P—" well, said thin gate oxide
extending between and joining the two spaced-
apart portions of the field oxide;

an inner region of the profile of each of the spaced-
apart portions of the thick field oxide tapering to an
interface with the thin gate oxide, and forming a
“bird’s beak” region; |

implanting two “P” doped regions, each underlying a
respective one of the spaced-apart portions of the

thick field oxide, and extending to the bird’s bea
region; |
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implanting two “P” guard bands into the substrate,
each guard band extending longitudinally along
and immediately underneath a respective one of the
bird’s beak regions, and each guard band in physi-

cal and electrical contact with a respective one of 5 of the “P—"" well into the “P—"" well;
the two “P”’ doped regions, and each guard band a thin gate oxide region overlying the top surface of
extending partially under the thin gate oxide: ‘the “P—"" well, extending between and joining the
forming a poly-silicon gate structure overlying the two spaced-apart portions of the field oxide;
thin field oxide and extending across a first portion an inner TCE?OH of the profile of each of the spaced-
- of the first area between the two spaced-apart por- 10 apart portions of the thick field oxide tapering toan
tions of the thick field oxide, said first portion of - interface with the thin gate oxide, and forming a
the first area defining a “channel area” in the “P—"" “bird’s beak” Iegion; . '
well, and said poly-silicon gate structure positioned two “P” doped regions, each underlying a respective
such that a second and a third portion of said first one of the spaced-apart portions of the thick field
area between the two spaced apart portions of the 1° oxide, and extending to the bird’s beak region;
thick field oxide are defined, one on each side of two “P” guard bands formed in the substrate, each
the poly-silicon gate structure, said second and guard band extending longitudinally along and
third portions of the first area defining a “source immediately underneath a respective one of the
area’ and a *“‘drain area”, respectively, in the “P—"’ bird’s beak regions, and cacl} guard banq in physt-
well and said poly-silicon gate structure forming 20 cal and.‘eilestnca] contact with a respective one of
the gate of the rad-hard NMOS transistor; and the two P d0ped regions, anc guard band extend-
forming two “N+” diffusion regions formed in the ne pza_trltlally under the thin gate r:mde; .
“P_" well, one in the source area and one in the a po{y-sﬂmv::n gate s_tructure_overlylng the‘_thln field
drain area, each immediately underlying the thin oxide and extending AcTOosS a first portion .Of the
field oxide, each extending to the channel area 23 first arcd betwe_en'the tWO spaced-al?art portions of
» . the thick field oxide, said first portion of the first
under q the pc;]y-sﬂn;on gatePstructu(rieé a::id ea_c]}ll area defining a “‘channel area” in the “P—"" well
°P a-rf a\fa}_r rom the 'Ewo"‘. X guard bands, wit and positioned such that a second and a third -*.)r:Z
the "N+ diffusion region in the source area form- tion ];f said first area between the two spaced agart
Ingd t};le s‘?rgrci gﬁt.he. rad-hafrd NM}? S dtrgn51stor 30 portions of the thick field oxide are defined, one on
?n the "N+~ di III.SIOH region in the ram area each side of the poly-silicon gate structure, said
tg?mng the drain of the rad-hard NMOS transis- - second and third portions of the first area defining
' , _ _ a “‘source area’” and a “drain area”, respectively, in
6. The method according to claim § wherein: the “P—" well and said poly-silicon gate structure
the po]y—-sﬂmon gate structure is further formed such 44 being the gate of the rad-hard NMOS transistor:
that it extends over one of the two spaced-apart and
portions of the thick field oxide. two “N+" diffusion regions formed in the “P—"
7. The method according to claim § wherein: well, ;;w in the sourci area and one in the drain
the po]y-sﬂlcon gate structure 1s further formed such area, each immediately underlying the thin field
that it ext?nis O}T':rkbfm]}:j of %13 two spaced-apart 40 oxide, each extending to the channel area under the
portions of tne thick hield oxide. oly-silicon gate structure, and each spaced awa
3}-1 The mﬁ}}hOd af-zjcgrdglg 1o claill'n 6 wherein: {Prori; the twg “P” guard bands, with ‘%I+" diffuy-
the two “P” guard bands are implanted by patterning sion region in the source area forming the source of
a photo-resist material over the thick field oxide the rad%hard NMOS transistor and thge “N 4+ diffu-
and the thin gate oxide, said photo-resist pattern 45 sion region in the drain area forming the drain of
having elongated openings, and photo-implanting the rad-hard NMOS transistor.
the “P” guard bands through the openings in the 11. A rad-hard CMOS structure according to claim
phOtO-I‘ESiSt maternal. | | 10 wherein: | |
9. A method according to claim 5, wherein: said poly-silicon gate structure of at least one of said
the channel area has a length parallel to the thick field 50 NMOS transistors is extended across said thick

oxide portions; and |
the “P” guard bands extend approximately the length
of the channel area.

10. A rad-hard CMOS structure comprising comple-

14

thick field oxide formed in the “P—"" well, having

‘two spaced-apart longitudinal portions between
which is defined a first area on the top surface of
the “P—"" well, and extending from the top surface

field oxide such that it forms a poly-silicon gate
structure of and common connection to at least one
of said PMOS transistors.

12. A rad-hard CMOS structure according to claim

mentary pairs of NMOS and PMOS transistors, each 55
NMOS and PMOS transistor having a gate, a source
and a drain, said NMOS transistors comprising:
a silicon substrate having a top surface; the “P” guard bands extend approximately the length
a "P-—" well formed in the substrate, extending from ~ of the channel area.
the top surface of the substrate into the substrate; 60 * s s %

10, wherein:
the channel area has a length parallel to the thick field
oxide portions; and
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